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Stripe fluctuations in La2NiO4.17 have been studied by
139La NMR using the field and temper-
ature dependence of the linewidth and relaxation rates. In the formation process of the stripes the
NMR line intensity is maximal below 230 K, starts to diminish around 140 K, disappears around
50 K and recovers at 4 K. These results are shown to be consistent with, but completely comple-
mentary to neutron measurements, and to be generic for oxygen doped nickelates and underdoped
cuprates.
PACS numbers: 76.60.-k, 74.72.Dn, 75.30.Ds, 75.40.Gb
Evidence is accumulating that the electron systems in
doped Mott-Hubbard insulators exhibit quite complex
ordering phenomena [1]. In two dimensional (2D) sys-
tems this takes the form of stripe phases, where the ex-
cess charges bind to antiphase boundaries in the Ne´el
state [2]. It was recently demonstrated by Hunt et al. [3]
that in a large temperature regime where the stripe order
appears to be complete according to diffraction experi-
ments, the stripe system is still slowly fluctuating. This
follows from NMR experiments, showing both motional
narrowing at higher temperatures and a wipe-out of the
NMR signal upon cooling down, caused by the charac-
teristic fluctuation frequency becoming of the order of
the NQR linewidth/splitting of a few MHz. Here we will
demonstrate that these fluctuations are not unique to
cuprate stripes, and thereby unrelated to intricacies as-
sociated with the proximity of the superconducting state.
We present a NMR study of the stripe phase in oxygen
doped La2NiO4. It seems well established that the excess
oxygen enters as an interstitial that shows a tendency to
order three dimenionally, creating a larger unit cell [4–7].
It should therefore be regarded as a rather clean system
compared to the Sr-doped nickelates [8]. We find that
this ‘clean’ nickelate system exhibits a fluctuation behav-
ior which closely parallels the fluctuations of the cuprate
stripes: although scattering experiments in La2NiO4.13
[7] show charge- and spin freezing at TCO=220 K and
TSO=110 K, our NMR experiments in La2NiO4.17 indi-
cate that the stripes only become static at a tempera-
ture of 2 K. Interestingly, these slow fluctuations seem
absent in the ’dirty’ Sr-doped nickelate La5/3Sr1/3NiO4
[9] (with the same 1/3 hole doping content as our oxygen
doped nickelate), where µSR [10] measurements reveal
the onset of static spin order at the same temperature
(200 K) as the (quasi)elastic peaks develop in the neutron
scattering [11]. These observations suggest that the slow
stripe fluctuations, characteristic for the cuprates and
oxygen doped nickelates, are in first instance unrelated
to quenched disorder; at the same time, that disorder is
excessively effective in pinning these slow, intrinsic fluc-
tuations in the insulator but not in the (super)conductor.
Below we analyze the field and temperature depen-
dence of the 139La linewidth and relaxation rates for
La2NiO4+δ with δ = 0.17.
139La has a nuclear spin
I = 7/2, which makes NMR sensitive to both charge and
spin, and allows the study of charge and spin order and
also the dynamics at time scales longer than 10−7 s−1.
The measurements were performed on two single crystals
from different batches that were prepared under atmo-
spheric condition in a mirror oven at 1100 K [12]. Slices
from both samples were analyzed by microprobe tech-
niques; on the average the oxygen contents were found
to be the same. Samples for the measurements were cut
from those parts that had a homogeneous oxygen con-
tent and had a typical weight of 50 mg. Thermogravity
(TGA) analysis of the oxygen concentration gave δ =
0.17. The same value follows from the volume of the
unit cell as determined by X-ray [13]. Samples of batch
1 show a peak in the susceptibility (χ) around 110 K,
which is also seen in the 2/15-doped compounds [7] and
is associated with oxygen order [14]. The absence of this
peak in the other sample (batch 2) points to local dif-
ferences in the two samples. Apart from the peak, the
susceptibility of both samples show the same Curie like
dependence on T down to 80 K. Below that temperature
down to 4 K χ increases smoothly, resembling (but not
identical to) Curie-Weiss behavior with an antiferromag-
netic exchange interaction. The χ-data above 100 K give
a Ni moment of about one µB [12,14]. The NMR results
of the two batches are qualitatively identical with small
differences in the freezing (see below) temperatures. The
results presented relate to the samples of batch 2.
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Line profiles as function of temperature were deter-
mined by frequency sweeps at fixed field (9.4 T and 4.7 T)
or field sweeps at fixed frequency. Both methods give the
same results. As detuning is not needed, the latter data
have a better accuracy and are analysed in the following.
Below 250 K, the −3/2 ↔ −1/2 (m = 3/2) transition
becomes visible and is seen to be split into two lines, A
and B, Fig.1. In the same figure we show the results for
the−1/2↔ +1/2 (m = 1/2) transition, which develops a
second component at about 230 K [15]. As we will further
clarify, these lines have the same origin and correspond
with La sites which are inequivalent because of different
electrical field gradients [16]. We are facing the ambi-
guity that these differences can originate either in the
distribution of the excess oxygen, or that it might reflect
the inhomogeneous charge distribution associated with
the stripes in the NiO2 planes: in both cases a similar
pattern is expected [8]. At present we are further inves-
tigating these matters; important for the present context
is that both lines reveal a very similar temperature de-
pendence suggesting that both sites communicate with
the same electronic system as we will now demonstrate.
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FIG. 1. 139La NMR field-profiles for m = 3/2 (46.0 MHz)
(a) and m = 1/2 (38.2 MHz) (b) and as a function of T .
Temperatures are listed according the maxima of the lines,
e.g. in (a) the highest maximum being for 160 K, the lowest
for 80 K. For m = 1/2 below 230 K a second line (B) comes
up on the low field side of line A; for m = 3/2 the two lines
visible from the start (below 250 K).
The field dependence of the two lines was measured
in detail for both transitions. Only the position of B
depends on field as illustrated for the m = 3/2 and
m = 1/2 in Fig.2a. The T -dependences of the spin-
lattice relaxation rates (T−11 ) are shown in Fig.2b for the
two m = 3/2 lines, together with the spin dephasing rate
(T−12 ) for the A line. T
−1
1 is measured by a pi–t–pi/2–
τ–pi sequence and analyzed with the multi-exponential
expression of Narath [17]. The effective relaxation rates
correspond to 41W , the fundamental transition probabil-
ity. The magnetic character of the relaxation mechanism
below 200 K was checked by comparing the relaxation
rates for the m = 1/2 and m = 3/2 transitions. When
analyzed by the magnetic expression they gave the same
WM . T
−1
1 (A) is about twice as fast as T
−1
1 (B).
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FIG. 2. (a) The lineposition of line B as function of reso-
nance frequency (and hence resonance field) for B ‖ c-axis.
The position of line A is field independent. Drawn line is
a fit with only quadrupolar interactions, which shows that
the lineposition and linewidths are due to charges. (b)
T -dependence of T−1
1
(A), T−1
1
(B) and T−1
2
(A) vs T . The
difference in T−1
1
(B) and T−1
2
(A) is about a factor 2. Drawn
and dotted lines are resp. fits to the spin freezing and acti-
vated model discussed in the text.
The intensity ratio of B to A depends on the cooling
history, being larger when cooling proceeds slower. In
Figs. 1-3 we show the results obtained after slowly cool-
ing down. With decreasing temperature the intensity of
the resonance lines first increases, then saturates around
150 K to disappear completely around 50 K. Fig.3 gives
the T dependence of the normalized intensity (log. scale)
and of the wipe-out fraction F (the intensities are in-
tegrated over the linewidth, corrected for the apparent
T2’s), defined as the ratio of the experimentally observed
and the Curie extrapolated value.
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FIG. 3. (a) The T dependence of F for m = 3/2. The
intensities for lines A and B are normalized. Drawn line is
a fit to the BCS gap function. (b) Logarithmic plot of the
intensities (I) times T for m = 1/2. The maximal value of
I · T of line A is normalized to 1.
At lower temperatures the A and B lines resurrect
again; at 4.2 K the linewidths at 38.2 MHz (A ∼ 6 MHz,
2
B ∼ 2 MHz) are about 3 times larger than at 75 K,
see fig.4. Also in zero field line B (m = 7/2) is only
broadened, not split, with a width which is comparable
(3 MHz) to that found in field for the same transition.
This width is an order of magnitude higher than the cal-
culated effect of the dipolar field. There is only a faint
T -dependence in the position of the two lines. Above
50 K the width of A is increased by 50%, while that of
line B is even less T dependent.
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FIG. 4. Comparison of full sweeps at 4.2 K (a) and 75 K
(b) shows the extra line broadening at 4.2 K. The inset in (a)
shows the decomposition for the A line at 4.2 K; the inset
in (b) gives the T -dependence of the width of the A line for
m = 1/2. Down to T = 60 K the B-linewidth remains about
0.1 T (.6 MHz).
Let us now turn to the interpretation of the data. Con-
sistent with the neutron and susceptibility measurements
in La2NiO4.13 [7], we find in La2NiO4.17 the following
temperature regimes:
(i) T > 250 K. Only a narrowm = 1/2 NMR line is vis-
ible with strongly reduced intensity. All visible La-sites
experience the same (averaged) electrical field gradient.
Oxygen motion explains the activated relaxation rates of
the m = 1/2 lines (not shown here, see ref. [15]) with
an activation energy of 3 × 103 K, and the increase of
T−12 (A), shown in fig.2.
(ii) 250 K> T >230 K. Due to oxygen/charge ordering
the m = 3/2 transition comes up with two lines A and
B with an intensity ratio close to 2. Due to the small
intensity this splitting is not yet visible in the m = 1/2
line.
(iii) 230 K> T >140 K. Below 230 K the same two
inequivalent sites (A and B), that can be distinguished
in the m = 3/2 transition, broaden the m = 1/2 line,
Fig. 1. The field dependence of the line pattern is well
explained by a quadrupolar interaction, drawn lines in
Fig.2 [8]. The saturation of the intensity ratio of two
to one for the unshifted to shifted line around 230 K is
expected for site ordered stripes [15,16].
(iv) 140 K> T >50 K. Slow motion of spins or
charges wipes out most of the NMR intensity. The nuclei
that can still be observed show additional line broad-
ening and a relaxation rate, which is reminescent to
the T -dependence of T−11 in La2Cu1−xLixO4 [18] or Sr
doped La2CuO4 [19] above the spin freezing tempera-
ture. T−11 (T ) can be fitted with an activated process
T−11 ∝ exp(∆Ea/T ) with ∆Ea = 10
2 K (dotted line in
Fig. 2) or a power law dependence T−11 ∝ [(T −Tf)/Tf ]
α
with α ∼ −0.46 (drawn line in Fig. 2) and a spin freezing
temperature Tf of about 45 K. As the T -dependence of
the rates of A and B spins look identical, the ratio of a
factor 2 is due to the strength of the hyperfine coupling
to the electron spins. When analyzed in the renormal-
ized classical limit [20], the activation energy equals the
exchange constant J . The magnetic correlation length
ξ/a = 0.5 exp(J/T ) above 102 K is of the order of the lat-
tice constant a, and an order of magnitude larger around
40 K. In any case the relaxation rates are not related to
the wipe-out process, see Figs.3,2. The same behavior is
observed in the cuprates and it suggests [3] that the bulk
of the stripe system is subjected to fluctuations on the
MHz scale (the invisible fraction) while local events oc-
cur characterized by spin fluctuations on a much shorter
time scale. Finally, it appears that the functional depe-
nence of the wipe-out factor F on T is similar to that of
the s-wave BCS order parameter (see Fig. 3) [3].
(v) 50 K> T >15 K. Wipe out of the NMR intensity is
complete. The whole La-nuclear system experience the
fluctuations on MHz time scales and the rare sites dealt
with in the previous paragraph have disappeared com-
pletely.
(vi) 15 K> T . After emerging again, the La NMR
lines are appreciably broadened with a width that is at
least a few times larger for A than for B spins. This sig-
nals the onset of truly static order and it is noticed that
even at the lowest temperatures where we measured (2 K)
only 10% percent of the intensity has recovered. The line
width reflects the static disorder (inhomogeneous broad-
ening) and one would be tempted to ascribe this to spin
glass behavior. Interestingly, we find that the width of
m = 3/2 does not depend on the field strength as ex-
pected for disorder originating in the charge sector [21].
When we compare our data with NMR data in under-
doped La2−xSrxCuO4 [3], the similarities in the wipe out
process are striking. In all samples stripe structures are
clearly seen in the neutron data, but seem to be absent
in the NMR data. This apparent contradiction is solved
if the wipe-out effect seen in the NMR data is associ-
ated with slow dynamics in the stripe system. Almost
all cuprates, studied in ref. [3], are superconductors - the
only non-superconducting sample with 0.04Sr content be-
having anomalously as it shows no stripe fluctuations. In
the cuprates at low doping, where the superconducting
fraction seems to be very low, the wipe out fraction starts
to grow typically below 50 K and equals∼ 1 around 20 K.
Near optimal doping (0.15Sr content) F is ≤ 0.3 [3]. In
the underdoped cuprates static magnetic hyperfine fields
changes the NQR frequencies completely below 10 K [3],
the same ordering temperature as seen by µSR [22]. Here
the comparison between cuprates and nickelates is eluci-
dating. The nickelates are very poor conductors [23] and
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show no superconductivity. As mentioned above, in neu-
tron scattering on the nickelates with oxygen doping of
0.133 [7] charge order is observed around 210 K while
spins order around 110 K: we find that static order only
occurs at temperatures less than 10 K. The wipe out frac-
tion of one is in agreement with the trend in the cuprate
data. The onset of the wipe-out process around 140 K
makes the combined action of spin and charge motion in
the already formed stripes structure a plausible explana-
tion for its origin. More specifically, the general pattern
seems susceptible to an explanation in terms of disloca-
tion melting. As is well understood in the context of two
dimensional melting [24], dislocation unbinding leads to
an overall fluid character of the system, and such a tran-
sition can occur also when the density of topological de-
fects is low, i.e. in a regime where the time scales are
large. However, we also found the fast spin relaxations
in the fraction of the system which is still visible in NMR
when the wipe out is nearly complete. We are tempted to
ascribe those to the dislocations: we envisage that in the
core region of the dislocations the spin system is strongly
frustrated.
We end by mentioning the puzzling aspect related to
the role of quenched disorder in the Sr doped nickelates,
compared to oxygen doped systems we have been study-
ing. Especially for hole doping of 1/3, the difference be-
tween oxygen (O4.17) and Sr doped (Sr0.33) nickelates is
manifest [10]: in the neutron scattering spin ordering in
O4.15 is seen around 110 K (the wipe out process in our
samples starts around 140 K), while in Sr-doped samples
this temperature is around 200 K (both in µSR, NMR
and NS). The differences go further. No strong wipe-out
features are present for Sr0.33 [9], and the intensity ra-
tio of the two NMR lines differs from ours. We believe
these effects to be linked to the effect of the ”quenched”
Sr-dopant in this insulator, and we find an analogy with
what happens in highly two-dimensional type II super-
conductors. As is well known in that field, pinning cen-
ters can suppress the formation of a flux liquid, i.e en-
hance the vortex melting temperature appreciably above
the Kosterlitz-Thouless melting temperature.
In summary, our NMR study of stripes in oxygen
doped La2NiO4 shows a striking similarity with the be-
havior found previously in cuprate superconductors. The
stripe system is apparently a slowly fluctuating strongly
correlated fluid over an extended range of temperatures.
Since this behavior also occurs in the insulating nickelate,
these fluctuations are uncorrelated to the proximity with
the superconducting state, while it also appears as un-
likely that it is completely driven by quenched disorder.
We suspect that our findings are related to the peculiar
character of the stripe phase itself.
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